Forty-nine strains of the Fusarium oxysporum complex were isolated from five different sample locations within two neighboring pea fields. Of these, 39 strains were isolated from soil and 10 from pea plants showing symptoms of root rot. Twenty-eight of the isolates were tested for pathogenicity towards pea. Based on percentage discoloration of the roots and stem base, the isolates were divided into three groups: seven strains were pathogenic, 14 strains were weakly pathogenic, and seven strains were non-pathogenic towards pea. To assess the genetic relatedness of all 49 strains, gene genealogies were constructed from aligned DNA sequences from part of the translation elongation factor, nitrate reductase, beta tubulin, and mitochondrial small subunit rDNA. Maximum parsimony analysis of the combined data set yielded a single most-parsimonious tree containing three strongly supported clades which may represent cryptic species. No correlation was observed between the multigene phylogeny and pathogenicity toward pea, strain geographic origin and substrate (soil or plant) from which the strains were isolated. Strains that were non-pathogenic, weakly pathogenic or pathogenic sometimes shared the same multilocus genotype. These results suggest that strains pathogenic and putatively non-pathogenic to pea are very closely related genetically.
Introduction
Members of the Fusarium oxysporum Schlectend.:Fr. emend. Snyd. and Hans. complex (hereafter referred to as the FOC) are some of the most common soil-borne fungi throughout the world. No sexual state has been found, but nucleotide sequence data place this taxon close to the Gibberella fujikuroi species complex [1, 2] . Considerable morphological, physiological and genetic variation exists within this complex, and these fungi are known to infect a wide range of crops, causing wilt, root rot and crown rot diseases [3^6] . Pathogenic strains are often separated into formae speciales (f. spp. ) based on their pathogenicity to one or more host plants [7] .
Fusarium root rot of pea is a prevalent disease in Scandinavia [8] . Most studies have focused on F. solani as being the primary organism responsible for root rot of pea [9, 10] . However F. oxysporum, F. culmorum and F. avenaceum also have been shown to produce the same symptoms consisting of brown to black discoloration of the root and stem base, yellowing of the basal foliage and stunted growth [8, 11, 12] . In a study of root rot of pea in North-Eastern Alberta, Hwang and Chang [13] found that members of the FOC were isolated three times more often than F. solani from diseased pea roots and stem bases showing symptoms of root rot. Control of the FOC can be di⁄cult because pathogenic strains are able to infect common weeds and a wide range of agricultural plants where they can survive for years in the soil as chlamydospores [14, 15] . No pea varieties are classi¢ed as being resistant against Fusarium root rot [9] . However, typical wilt and near wilt of pea caused by the F. oxysporum f. sp. pisi races 1, 2, 5 and 6 can be controlled e⁄ciently by the use of resistant varieties. A better under-standing of the population structure and pathogenicity of F. oxysporum causing root rot should contribute to more e¡ective control, by in£uencing strategies for disease management of agriculturally important root diseases.
Not all strains of the FOC can be regarded as pathogens. Isolates within this species complex have also been characterized as saprotrophs or endophytes because their hosts show no disease symptoms [16, 17] . Population studies of putatively non-pathogenic strains of the FOC have received less attention compared with their pathogenic forms. Results indicate that putative non-pathogens may be more closely related to pathogens than to other nonpathogens, and that they may compete for substrate as well as infection sites [18^20]. It is not possible to separate pathogenic and non-pathogenic members of the FOC by morphological characters, but genetic markers that separate pathogenic and non-pathogenic isolates have been reported [21, 22] . However, because the strains from these studies were collected from di¡erent geographic locations, the observed variation could be due to allopatric evolution following geographic isolation. Therefore it is of great importance to also study genetic relationships within local populations.
Studying phylogenetic relationships of strains within local populations may elucidate whether pathogenic forms have been introduced or have evolved within the population. A close genetic relationship between pathogens and non-pathogens within a ¢eld may re£ect the recent evolution of pathogenic strains from their non-pathogenic relatives [23] , or vice versa. On the other hand, a genetically diverse set of strains from a common location may indicate that some of the strains were introduced either within infested seed or by long distance dispersal of soil particles or fungal spores. Gordon and Okamoto [18] found that non-pathogenic strains of the FOC to melon and pathogenic strains classi¢ed as F. oxysporum f. sp. melonis from diseased melons from two locations in the San Joaquin Valley of California had identical mitochondrial DNA haplotypes, and concluded that the strains of f. sp. melonis may be recent derivatives of the local non-pathogenic population.
The objective of the present study was to elucidate genetic relationship among strains of the FOC causing root rot of pea and their putative non-pathogenic relatives within a local population. This was done by analyzing aligned, partial, multilocus DNA sequences from 49 strains isolated from soil and pea plants within ¢ve sample sites of two neighboring pea ¢elds in Denmark.
Materials and methods

Isolation of F. oxysporum
Forty-nine of the 54 strains used in this study were sampled from two neighboring pea ¢elds in Vra fi, Denmark. Four soil samples (samples 1^4) were systematically collected at 100 m intervals along an East^West transect in ¢eld 1. In addition, a soil sample (sample 5) was taken from another pea ¢eld (¢eld 2) 500 m west of ¢eld 1 (Table 1) , and ¢ve strains of the FOC were isolated from a single soil sample from Ejby, separated from Vra fi by 250 km. Each soil sample included four sub-samples (100 g) taken from a depth of 2^5 cm within a 2U2 m 2 . The four sub-samples were mixed and homogenized before soil particles were spread on low nutrient SNA agar (formula in g l 31 : dextrose 0.2, sucrose 0.2, potassium nitrate 1.0, potassium phosphate 1.0, magnesium sulfate 0.5, potassium chloride 0.5 and agar 15.0; [24] ) containing the following three antibiotics: penicillin G (100 mg l 31 ), chlortetracycline (10 mg l 31 ), and streptomycin sulfate (50 mg l 31 ). After 2^4 days of growth, fungi with a morphology resembling members of the FOC were transferred to fresh plates of two di¡erent isolation media, SNA and potato dextrose agar (Difco, Detroit, MI, USA) for 10^13 days [25, 26] . The SNA cultures were incubated at 20 ‡C either in complete darkness or under permanent black light (Philips TLD 18W/08 ; [24] ). Isolates on PDA were grown at room temperature in the laboratory for assessing colony color and texture. Strains used in this study were identi¢ed as members of the FOC following the taxonomic treatments of Gerlach and Nirenberg [25] and Booth [26] .
Ten additional strains of the FOC were isolated from a similar number of pea plants showing symptoms of root rot at ¢eld 1. The plants were washed in a mild detergent (Sanex; Odense, Denmark) within 24 h of collection and then surface sterilized in 1.5% sodium hypochlorite for 2 min. Transverse sections 2 mm thick from roots, taproots, stem base and the third and fourth stem internodes, at the interface between healthy and diseased tissue, were placed on SNA containing antibiotics as described above [24] . Between eight and 12 strains of the FOC were cultured from each sample site (1^5) and used in this study. All strains are stored at 380 ‡C in 20% glycerol in the Department of Mycology, Botanical Institute, University of Copenhagen.
Pathogenicity test
Selected isolates of the FOC were tested for pathogenicity by a slight modi¢cation of the root dipping method described by Haglund [27] . Pea seeds (cv. Bodil) were surface sterilized in 1.5% sodium hypochlorite for 4 min, and then washed several times in tap water. Seedlings were grown in pots containing vermiculite (¢ne grade; Scamol, Hvidovre, Denmark) under greenhouse conditions until the third node stage of development. Fungal inoculum was grown for 4^5 days in potato dextrose broth (PDB; Difco, Detroit, MI, USA) as shake cultures. Roots of the third node seedlings were immersed in a conidial suspension (1U10 6 conidia ml 31 water) up to the cotyledons for 2 min. Eight seedlings were infected for each fungal treat-ment. The seedlings were carefully replanted and watered every other day. Negative controls consisted of seedlings immersed in PDB without conidia. Twenty-four days after inoculation the plants were harvested and dry weights of the plants were recorded. Disease severity was assessed by scoring percent discoloration of the root system and stem base. Percentage discoloration of the roots and stem base for each of the eight plants in a treatment were added and divided by 16. Based on the average disease severity of the root and the stem base, the isolates were divided into three pathotypes ; non-pathogenic (0^14% discoloration), weakly pathogenic (15^30% discoloration), and pathogenic (319 9% discoloration).
DNA extraction
Hyphal tips of sterile cultures were transferred to 250 ml £asks containing 60 ml yeast^malt broth (0.3% yeast extract, 0.3% malt extract, 0.5% peptone, 2% glucose). Strains were grown at 20 ‡C for 2^3 days on a rotary shaker at which time the mycelium was harvested by vacuum ¢ltration over a Bu « chner funnel. After lyophilization the fungal cells were pulverized with a pipet tip and total genomic DNA was extracted using the CTAB (hexadecyltrimethylammonium bromide; Sigma Chemical Co., St. Louis, MO, USA) method described by O'Donnell et al. [28] .
DNA ampli¢cation and primer design
Partial sequences of the three nuclear genes, translation elongation factor (EF-1K), nitrate reductase (NIR), and beta tubulin (BGL), as well as a part of the mitochondrial small subunit (mtSSU) rDNA, were ampli¢ed and sequenced for all 54 isolates used in this study ( Table 1) . The NIR and BGL primers were designed by aligning GenBank sequences of G. fujikuroi, F. oxysporum, F. dlaminii, and Verticillium sp. (accession numbers X90699, Z22594, U34430 and U34413, respectively). Conserved regions were used as primer sites and the primers were designed to amplify polymerase chain reaction (PCR) products of about 300^600 bp. Primers used in this study, along with annealing temperature and references, are listed in Table 2 . Ampli¢cation was performed using reagents and primers described previously [28^30] . A PTC-100 thermocycler (MJ-Research, Watertown, MA, USA) was used for PCR, according to the following program: 1 min initial denaturing at 97 ‡C, followed by 30^35 cycles of 1 min at 96 ‡C, 1 min annealing at 50^60 ‡C (Table 2) , 1 min at 72 ‡C, and 7 min ¢nal extension at 72 ‡C. PCR products were puri¢ed using GeneClean II (Bio 101, La Jolla, CA, USA).
DNA sequencing
The £uorescent-labelled BigDye kit (Perkin-Elmer, Foster City, CA, USA) was used in all cycle sequencing reactions together with puri¢ed PCR products and internal sequencing primers (Table 2) . Cycle sequencing products were puri¢ed by gel ¢ltration through Sephadex G-50 (Pharmacia, Piscataway, NJ, USA) and run on an Applied Biosystems model 377 automated DNA sequencer (Applied Biosystems, Foster City, CA, USA). All sequences were aligned and edited in Sequencher version 3.0 (GeneCodes, Ann Arbor, MI, USA) and Bio-edit [31] and have been deposited in GenBank (http://www.ncbi.nlm.nih.gov/) under accession numbers AF433210 to AF433425.
Data analysis
Combinability of sequence data from EF-1K, mtSSU rDNA, NIR and BGL was tested using the Wilcoxon Signed-Ranks (WS-R) Templeton test and the partition homogeneity test (PHT) implemented in PAUP*4.0b [32] . For the PHT, all uninformative characters and the single ambiguous character in the BGL data set were excluded, max trees was set to 5000 and 1000 random replications were performed. In the WS-R test, the most-parsimonious trees (MPT) and the 70% bootstrap majority rule trees for each of the four partitions were saved. To conduct the WS-R test, the MPT for each partition was constrained to the 70% bootstrap consensus trees for each of the three other partitions in separate analysis.
Based on the results of the PHT and WS-R tests, the four data sets were combined and analyzed using maximum parsimony and maximum likelihood. All analyses were conducted with PAUP*4.0b. Parsimony analyses consisted of heuristic searches with 1000 random addition sequences and tree bisection-reconnection (TBR) branch swapping. All characters were equally weighted and alignment gaps were treated as missing data. Support for the internal nodes of the MPT were assessed by 1000 parsimony bootstrap replications.
Maximum likelihood (ML) was performed on the combined data set after the exclusion of all identical taxa. The most optimal ML model was found using Modeltest version 3.06 [33] . The best ¢tting model found was K80+G, with equal base frequencies, a transition/transversion ratio of 2.0818, and a shape parameter (gamma distribution) of 0.0011. ML analyses were performed using heuristic searches with 10 random addition replicates and TBR branch swapping.
Results
Partial sequences from the following four loci were generated and analyzed phylogenetically : EF (593 bases; 3.5% nucleotide diversity), mtSSU rDNA (318 bases; 2.2% nucleotide diversity), BGL (525 bases; 1.0% nucleotide diversity), and NIR (307 bases; 2.3% nucleotide diversity) for each of the 54 strains used in this study. From the 1743 total nucleotide characters sequenced, one ambiguous character within BGL was excluded. Results of the WS-R test indicated that the four loci (EF, mtSSU rDNA, BGL, and NIR) could be combined (P s 0.32 for all constraints). Also results of the PHT, which yielded P values of 0.13 or higher, indicated that the four genes re£ected the same underlying evolutionary history and could be combined. Parsimony analysis of the four combined loci yielded a single MPT 42 steps long with a consistency index of 0.97, and retention index of 0.99 (Fig. 1) . Sequences of ¢ve strains of the FOC isolated from Ejby located on an island separated from Vra fi by 250 km were used to root the tree. Sequences of EF contributed half of the phylogenetic information (18/36 phylogenetically informative characters) in the combined data set. The ingroup was strongly supported as monophyletic (bootstrap = 100%) and the 10 distinct multilocus genotypes recovered were resolved into three clades (Fig. 1, I^III) , all of which were strongly supported by bootstrapping (95% to 100%). The topology of the tree presented in Fig. 1 did not change when a more distant outgroup (F. miscanthi; GenBank accession number AF324331) was included. ML analysis of the combined data set recovered one tree identical in topology to the MPT (data not shown).
The EF sequence data from this study were combined with EF sequences of the FOC from each of the three clades identi¢ed by O'Donnell et al. [5] . A parsimony analysis of the combined data set showed that the three clades seen in Fig. 1 were seen as separate clades. The analysis also revealed that isolates of clade II seen in Fig. 1 were closer related to isolates of clade 2 found by O'Donnell et al. [5] than to the rest of the isolates from the two ¢elds.
Twenty-eight of the 49 isolates from Vra fi were tested for pathogenicity towards pea. The isolates tested were selected to represent each of the three clades (Fig. 1) . Although none of the strains induced wilt symptoms, most of the strains tested induced di¡ering degrees of brown-to-black root rot as well as reduced plant dry weight. Seven of the isolates were shown to be pathogenic, 14 weakly pathogenic, and seven non-pathogenic towards pea. No correlation was observed between the clades, pathogenicity, sample location (¢eld 1 samples 1^4 and ¢eld 2 sample 5), or substrate (soil or pea) from which they were originally isolated (Fig. 1) .
Discussion
Results of the present study revealed considerable phylogenetic structure within members of the FOC isolated from pea soil and plants in Denmark. This structure, however, did not correlate with pathogenicity to pea, given that non-pathogenic, weakly pathogenic and pathogenic strains were identi¢ed that shared the same multilocus genotype (Fig. 1) . The lack of correlation between pathogenicity and the phylogenetic structure in the two ¢elds suggests that strains of the FOC causing root rot either have evolved recently from a non-pathogenic ancestor, or that some of the ¢eld isolates have lost their ability to cause rot root. This is consistent with the results reported by Gordon and Okamoto [18] who found that isolates of F. oxysporum f. sp. melonis and strains putatively non-pathogenic to melon shared identical VCG and mtDNA haplotypes. However, in a study of F. oxysporum recovered from carnation from 22 di¡erent locations in Israel, RAPD patterns were able to distinguish pathogenic and non-pathogenic isolates [21] . Also Woo et al. [22] used RFLP and RAPD pro¢les to distinguish F. oxysporum f. sp. phaseoli from putatively non-pathogenic strains collected worldwide. However, because the isolates in the two studies cited above were sampled from widespread geographic locations, the observed di¡erences between pathogenic and non-pathogenic strains may be due to allopatric evolution. Alternatively, if external factors such as cultural practices, soil structure, and humid conditions have in£uenced life strategies, including pathogenicity of the fungal populations [34] , then this could help explain the lack of correlation between pathotype and genotype observed in the present study.
As would be expected in a population of fungi possessing the same underlying potential for causing root rot, partitioning according to substrate (plant or soil) did not correlate with phylogenetic structure. Fungi from all three clades were able to infect plants and live either as endophytes or parasites in their hosts. In agreement with these results, Gordon and Okamoto [18] found that members of the FOC isolated from soil and roots of muskmelon were part of the same population based on VCG. Gordon et al. [35] analyzed members of the FOC isolated from six soil samples from a single ¢eld, and did not ¢nd any subdivision correlating with sample site. Similarly, we did not ¢nd any population subdivision attributable to sample site within ¢elds 1 and 2. Movement of conidia as a result of soil practice or by water currents may eliminate spatial subdivision of fungi as reported in these studies. However, other factors may be of importance as isolates of clade II seen in Fig. 1 were more closely related to isolates of the FOC originating from Malawi and USA, Maryland (Clade 2; reported by O'Donnell et al. [5] ).
Sexual reproduction, or the presence of transposable elements that induce genetic rearrangements, may also explain the lack of correlation between pathotype and genotype seen in this study. Transposable elements are thought to modify the genome by inactivation of genes during integration, which may contribute to chromosomal breakage and rearrangement [36, 37] . Inactivation of virulent genes could result in loss of pathogenicity without changing the overall phylogenetic structure if it is inferred from selectively neutral markers as in the present study. Three of the 10 groups identi¢ed (Fig. 1) contained 74% of the isolates, suggesting that the overrepresentation of these genotypes may re£ect extensive clonal reproduction. Overrepresentation of a few genotypes is often found in population studies of the FOC within local areas [18, 19] . In a study done by Edel et al. [38] , 60 non-pathogenic strains isolated from the soil and roots of £ax, melon, tomato, and wheat in Dijon, France, were characterized using three DNA-based methods. Good correlation was found between the genetic relationships of the isolates obtained by the three methods, as would be expected in a clonal population. Evidence suggestive of sexual recombination within the FOC, however, has been inferred by Taylor et al. [39] , who reanalyzed data published by Koenig et al. [40] . Results of the index of association and the tree length tests indicated that they could not exclude the hypothesis of sexual reproduction within clades Foc1 and VIII of F. oxysporum f. sp. cubense. However, in the present study, the four genes used recovered the same evolutionary history as would be expected in a clonal population or if the three clades (Fig. 1) represent genetically isolated cryptic species. We were not able to test for mode of reproduction within each of the three clades due to the lack of su⁄cient number of polymorphic markers within the clades. To further clarify the genetic structure of the FOC, including mode of reproduction, polymorphic markers in one or more of the clades of the FOC identi¢ed in the present study should be obtained.
